Background {#Sec1}
==========

With the increased global production of livestock, dairy, and poultry, the demand for feed is also increasing and co-products from the tropical food industries are increasingly used in diets fed to pigs. These co-products include copra meal and copra expellers, palm kernel meal and palm kernel expellers, and rice bran. Global production of palm kernel and copra products is relatively modest compared with the production of soybean meal and canola meal \[[@CR1]\] and availability of these ingredients is often geographically dependent. However, in some areas, these ingredients are the most abundant and least expensive sources of energy and amino acids (AA) that are available to the local swine industry \[[@CR2]\] and it is, therefore, important that information about the nutritional value of each ingredient is available. It is also recognized that copra-, palm kernel-, and rice co-products have certain specific attributes including AA profile, fatty acid profile, and composition of fiber that are unique to these ingredients and special attention to these attributes is needed. The objective of this review, therefore, is to provide information about the composition and recommended use of copra- and palm kernel products and of defatted and full fat rice bran when fed to pigs. The review is primarily based on literature published in peer-reviewed journals and feed composition tables. Although attempts were made to mainly include data that have been published since 1990, on a few occasions, it was necessary to include older data because of a lack of newer data for some of these ingredients. With the exception of ingredient tables, non-peer-reviewed literature was not used because of the uncertainty of the quality of this information.

Copra meal and copra expellers {#Sec2}
==============================

The coconut palm (*Cocos nucifera*) is widely distributed throughout the tropics with major production in Indonesia, The Philippines, India, and in some African and Central American and South American countries. World production of copra meal and copra expellers is approximately 2,000,000 metric tons \[[@CR1]\].

Copra meal is produced by expeller extracting or solvent extracting the oil from dried coconut kernels. Copra meal is sometimes referred to as coconut meal or coconut oil meal. Although its protein content is less than that of conventional ingredients commonly used as protein sources, copra meal represents the largest quantity of locally available feed protein in many tropical areas, such as countries in Central America, some African countries, and some countries in South East Asia. Variations in the nutrient composition of copra meal are mainly a function of the differences in residual oil concentration.

The residual oil in copra meal and copra expellers contains 50 to 70 % medium-chain, saturated fatty acids (lauric acid and myristic acid), which can lead to firmer carcass fat when high levels of copra meal are used in the diet \[[@CR3], [@CR4]\]. Thus, the deposition of lauric acid and myristic acid is three to five times greater in the backfat of pigs fed 30 % copra meal compared with pigs fed 10 % copra meal \[[@CR3]\]. Quality problems such as rancidity and aflatoxin contamination may be an issue in copra meal, which may cause reduced feed intake and in some cases reduced feed efficiency of pigs \[[@CR5]\]. Quality problems may be attributed to the high moisture content of copra during drying and storage \[[@CR6]\].

Copra meal and copra expellers contain between 10 and 16 % crude fiber and approximately 47 % total dietary fiber \[[@CR7]\]. Concentrations of β-mannans, galactomannans, arabinoxylogalactans, and cellulose are relatively high \[[@CR8], [@CR9]\] and the water binding capacity of copra meal is much greater than that of palm kernel meal or palm kernel expellers \[[@CR7]\]. Water binding capacity is an estimate of the amount of water that a fiber can absorb and hold after an external force has been applied to it via centrifugation. High water binding capacity will usually result in reduced feed intake of animals because of swelling in the intestinal tract. The relatively high concentrations of fermentable fiber in copra- and palm kernel ingredients may result in increased needs for dietary Thr because dietary fiber increases the endogenous losses of AA, and therefore increases the loss of Thr \[[@CR9]\]. Protein levels of copra meal and copra expellers typically range from 20 to 26 % (Table [1](#Tab1){ref-type="table"}). The concentration of gross energy in copra meal is greater than in corn, but because of the high concentration of fiber in copra meal and copra expellers, concentrations of digestible energy (DE) and metabolizable energy (ME) are less than in corn \[[@CR10], [@CR11]\].Table 1Energy and nutrient composition and physical characteristics of copra and palm kernel ingredients (as-fed basis)^1^IngredientItem^2^Copra mealCopra expellersPalm kernel expellersPalm kernel mealSoybean mealDry matter, %92.989.991.991.990.0Bulk density, g/L502.4-634.1401.0-Water binding capacity, g/g4.18-1.832.17-Gross energy, MJ/kg18.618.018.817.817.8DE, MJ/kg14.415.812.111.315.2ME, MJ/kg13.615.111.710.613.8NE, MJ/kg7.3-8.16.98.7Crude protein, %22.020.214.313.647.7Acid hydrolyzed ether extract, %1.97.16.91.32.9Neutral detergent fiber, %54.854.470.677.98.2Acid detergent fiber, %26.929.643.049.45.3Insoluble dietary fiber, %41.4-60.968.716.7Soluble dietary fiber, %5.5-2.62.2-Total dietary fiber, %46.9-63.570.9-^1^References \[[@CR6], [@CR9], [@CR10], [@CR15]\]

Copra meal and copra expellers contain between 0.50 and 0.58 % total P \[[@CR10], [@CR12], [@CR13]\], but less than one third of the P is bound to phytate. The standardized total tract digestibility (STTD) of P, therefore, is relatively high in copra meal and copra expellers (Table [2](#Tab2){ref-type="table"}; \[[@CR12], [@CR13]\]). However, if microbial phytase is included in the diets, the STTD of P will increase \[[@CR13]\].Table 2Concentrations of minerals, phytate, and apparent total tract digestibility (ATTD) and standardized total tract digestibility (STTD) of phosphorus in copra and palm kernel ingredients (as-fed basis)^1^ItemCopra mealCopra expellersPalm kernel mealPalm kernel expellersSoybean meal Ca, %0.040.110.200.250.33 Cl, %0.37\--0.150.05 K, %1.831.75-0.642.11 Mg, %0.310.23-0.290.28 Na, %0.04\--0.030.05 P, %0.520.530.540.520.67 S, %0.31\--0.220.4 Cu, ppm2540-2116.5 Fe, ppm486\--534190.5 Mn, ppm6975-13136.7 Zn, ppm4953-3247.9 Phytate, %0.790.781.121.291.55 Phytate P, %0.220.220.320.350.44 Non-phytate P, %0.300.310.220.160.23P digestibility without phytase ATTD, %60.846.048.930.041.1 STTD, %70.656.557.939.849.6P digestibility with phytase ATTD, %80.8-64.158.272.2 STTD, %90.3-73.568.181.1^1^References \[[@CR2], [@CR9], [@CR11], [@CR12], [@CR46]\]

The quality of the protein in copra meal is less than that of soybean meal and palm kernel products with Lys only being 1.91 % of total crude protein (CP) and total indispensable AA being 33.92 % of total CP. However, one specific characteristic of copra protein is that it is high in Arg and Arg is almost 10 % of total CP and the Arg:Lys ratio is almost 5:1 (Table [3](#Tab3){ref-type="table"}).Table 3Amino acid (AA) composition in copra and palm kernel ingredients (as-fed basis)^1^ItemCopra mealCopra expellersPalm kernel mealPalm kernel expellersSoybean meal%% of CP%% of CP%% of CP%% of CP%% of CPCrude protein22.00-20.20-13.60-14.30-47.73-Indispensable AA Arg2.089.451.708.421.3610.001.5210.633.457.23 His0.351.590.291.440.171.250.201.401.282.68 Ile0.663.000.060.300.413.010.473.292.144.48 Leu1.205.451.195.890.715.220.825.733.627.58 Lys0.421.910.391.930.362.650.362.522.966.20 Met0.271.230.241.190.221.620.251.750.661.38 Phe0.793.590.793.910.473.460.533.712.405.03 Thr0.552.500.572.820.332.430.372.591.863.90 Trp0.150.680.150.740.050.370.120.840.661.38 Val0.974.410.914.500.574.190.654.552.234.67Total7.4433.816.2931.144.6534.205.2937.0121.2644.53Dispensable AA Ala0.853.860.793.910.463.380.533.712.064.32 Asp1.506.821.497.380.896.540.996.925.4111.33 Cys0.281.270.261.290.171.250.171.190.701.47 Glu3.3415.183.4316.982.0214.852.2916.018.5417.89 Gly0.823.730.824.060.533.900.584.061.994.17 Pro0.602.730.633.120.362.650.402.802.535.30 Ser0.713.230.773.810.443.240.503.502.364.94 Tyr0.411.860.542.670.292.130.292.031.593.33Total8.5138.688.7343.225.1637.945.7540.2225.1852.75All AAArg:Lys, %4.95-4.36-3.78-4.22-1.17-^1^References \[[@CR9], [@CR10], [@CR15]\]

The standardized ileal digestibility (SID) of AA in copra meal and copra expellers fed to pigs ranges between 43 and 81 % \[[@CR11], [@CR14]--[@CR16]\]. The SID of Lys in copra meal is also variable, ranging from 51 \[[@CR15], [@CR17]\] to 73 % \[[@CR10]\], but the SID of all other indispensable AA is greater than that of Lys indicating that the sources of copra meal used in these experiments may have been heat damaged because heat damage will reduce the digestibility of Lys more than that of other AA \[[@CR18]--[@CR20]\]. The SID of Lys in copra expellers was reported at only 40 % \[[@CR16]\], which was much less than for other indispensable AA indicating that this source was also heat damaged. The differences in AA digestibility among experiments may also be due to differences in nutrient composition, drying procedures, oil extraction procedures, and the degree and duration of heat processing that is used during oil extraction \[[@CR21]\]. Overall, the SID of protein and indispensable AA in copra expellers is less than in soybean meal, but similar to those in palm kernel meal (Table [4](#Tab4){ref-type="table"}; \[[@CR11]\]).Table 4Standardized ileal digestibility (%) of amino acids (AA) in copra and palm kernel products and in soybean meal^1^ItemCopra mealCopra expellersPalm kernel mealPalm kernel expellersSoybean mealCrude protein79.967.671.381.887.0Indispensable AA Arg91.290.088.390.494.0 His82.573.280.883.690.0 Ile81.676.780.483.589.0 Leu81.678.579.782.488.0 Lys72.840.371.176.589.0 Met85.582.182.285.090.0 Phe84.581.482.284.688.0 Thr76.764.473.977.285.0 Trp88.466.387.589.491.0 Val79.077.877.281.087.0Mean82.673.180.383.489.1Dispensable AA Ala78.279.072.579.085.0 Asp78.966.575.877.587.0 Cys68.053.171.776.484.0 Glu79.967.381.282.089.0 Gly76.260.665.177.984.0 Pro128.8125.054.9121.5113.0 Ser82.070.580.083.789.0 Tyr82.858.080.182.788.0Mean83.772.575.283.789.9Mean all AA83.272.877.683.589.5^1^Refereces \[[@CR9], [@CR10], [@CR15]\]

Copra meal and copra expellers may be included in diets fed to growing and finishing pigs by up to 30 % without affecting growth performance \[[@CR22]\], but negative effects of increasing levels of copra meal in the diet have been reported \[[@CR4], [@CR14], [@CR23]\]. However, Thorne et al. \[[@CR3]\] demonstrated that copra meal can be used by up to 50 % in growing-finishing diets if diets are supplemented with synthetic AA or proteins with higher quality. Results with copra meal have been improved if diets either were semi-purified diets or if they were formulated based on digestible AA rather than based on crude protein \[[@CR3]\].

In diets fed to weanling pigs from 2 wk post-weaning, performance was linearly reduced if copra meal was included in the diet and pigs fed diets containing 15 % copra meal gained approximately 1 kg less over a 3-wk period than pigs fed a control diet without copra meal \[[@CR7]\]. This result was obtained even though diets were balanced for digestible AA and ME. It is possible that it is the high fiber concentration and the high water binding capacity of the fiber in copra meal that resulted in the pigs eating less and therefore gaining less weight because of the increased gut fill that is associated with consuming diets with high water binding capacity. However, gain to feed ratio was also reduced over the 3-wk feeding period if copra meal was used. It is, therefore, recommended that less than 15 % copra meal is used in diets fed to weanling pigs.

Palm kernel meal and palm kernel expellers {#Sec3}
==========================================

Global production of palm kernel meal and palm kernel expellers has increased from approximately 5 million metric tons in 2005 to almost 7 million metric tons in 2012 \[[@CR1]\]. The reason for this increase is the increased demand for palm oil, which is often used in the biodiesel industry. Produced mainly in Southeast Asia and Africa, the oil palm fruit (*Elaeis guineensis*) yields palm oil extracted from the fleshy, outer mesocarp that surrounds the nut and palm kernel oil extracted from the kernel within the inner, hard shelled nut \[[@CR24]\]. Prior to oil extraction, the outer shell of the kernel is cracked open, separated, and subjected to steam conditioning. Mechanical extraction by screw pressing is the most common process in oil extraction from palm kernels, which results in production of palm kernel expellers. However, sometimes oil is removed via solvent extraction, and the resultant co-product is called palm kernel meal.

The nutrient concentration of palm kernel meal and palm kernel expellers depends on the method of oil extraction, the species of the palm nut, and the amount of shell remaining in the meal \[[@CR25]\]. Palm kernel expellers have a residual oil concentration of 6 to 8 %, whereas solvent-extracted meals contain 1 to 2 % residual oil (Table [1](#Tab1){ref-type="table"}; \[[@CR26], [@CR27]\]). The concentration of crude fiber in palm kernel meal ranges between 7 and 20 % \[[@CR28]\], depending on the amount of shells and fruit removed from the palm kernel. More than 81 % of the total carbohydrates in palm kernel meal are in the form of non-starch polysaccharides \[[@CR29]\], mainly as β-(1,4)-D-mannans \[[@CR30], [@CR31]\]. Palm kernel meal also contains high amounts of lignin, which may be a result of contamination of nut shells \[[@CR32]\], which contributes to its grittiness and fibrous texture. However, water binding capacity in palm kernel meal and palm kernel expellers is less than in copra meal \[[@CR7]\]. Because of the high concentration of insoluble dietary fiber, the energy in palm kernel meal and palm kernel expellers is poorly digested by pigs and concentrations of DE and ME in palm kernel meal and palm kernel expellers is less than 75 % of that in soybean meal and corn (Table [1](#Tab1){ref-type="table"}; \[[@CR10], [@CR11]\]). However, energy digestibility in diets containing palm kernel expellers may be increased by 2 to 3 percentage units if beta-mannanase is added to the diet \[[@CR32]\] because beta-mannanase may help digesting some of the D-mannans in palm kernel expellers.

The concentration of P in palm kernel meal and palm kernel expellers is between 0.5 and 0.65 % \[[@CR10], [@CR12], [@CR13]\]. However, between 60 and 75 % of total P is bound to phytate and the STTD of P in palm kernel meal and palm kernel expellers is, therefore, between 35 and 50 % (Table [2](#Tab2){ref-type="table"}; \[[@CR10], [@CR12], [@CR13]\]). Because of the relatively high concentration of phytate in palm kernel products, the STTD of P can be increased to between 60 and 75 % if microbial phytase is added to the diets\[[@CR13]\]. As a consequence, the supply of digestible P from palm kernel meal and palm kernel expellers is similar to that of soybean meal if microbial phytase is added to the diet \[[@CR13]\].

Relative to other oilseed meals, palm kernel meal has the lowest protein concentration ranging from 14 to 21 % \[[@CR11], [@CR26]\]. Palm kernel protein has a low concentration of Trp and a relatively high concentration of Arg, which is approximately 10 % of the CP (Table [3](#Tab3){ref-type="table"}; \[[@CR11], [@CR33]\]). However, the Arg:Lys ratio is around 4:1 (Table [3](#Tab3){ref-type="table"}) and as is the case with copra co-products, the supply of Arg is much greater than if other feed ingredients are used. The high concentration of Arg may suppress the digestibility of Lys because Arg and Lys compete for the same transporter in the enterocytes \[[@CR34], [@CR35]\]. However, making sure that diets are sufficient in digestible Lys may minimize the negative effect of high concentration of Arg. In general, the standardized ileal digestibility of AA in both palm kernel meal and palm kernel expellers is less than in soybean meal, but not different from copra meal (Table [4](#Tab4){ref-type="table"}; \[[@CR11], [@CR36], [@CR37]\]).

Palm kernel meal and palm kernel expellers are not always well-accepted by pigs \[[@CR38], [@CR39]\] and if included by more than 20 % in the diet, palm kernel meal negatively affects growth performance and carcass quality of growing finishing pigs \[[@CR40], [@CR41]\]. It is, however, possible that if diets are formulated to be equal in standardized ileal digestible indispensable AA, pigs will be able to perform better on diets containing palm kernel meal and palm kernel expellers. Finishing pigs have greater tolerance for palm kernel meal than nursery pigs \[[@CR28]\]. In experiments with weanling pigs, it was observed that if diets are formulated to contain similar concentrations of digestible AA and ME, feed conversion rates may be maintained if up to 15 % palm kernel meal or palm kernel expellers are included in the diets \[[@CR7]\]. However, average daily gain may be slightly reduced if palm kernel products are used, which may be a result of reduced bulk density of the diet and increased water binding capacity \[[@CR7]\].

Full fat rice bran and defatted rice bran {#Sec4}
=========================================

The global production of rice (*Oryza sativa*) exceeds 700 million metric tons per year and rice is the most produced cereal grain in the world after maize and wheat \[[@CR42]\]. Rice is produced primarily for human consumption and is the main carbohydrate source in human diets in many countries in the world. The largest rice producing countries are China and India followed by Indonesia, Vietnam, and Thailand \[[@CR42]\]. Annual production of rice in the United States is around 9 million metric tons, but the United States is the 5^th^ largest exporter of rice after Thailand, India, Vietnam, and Pakistan.

The main objective of producing rice is to produce polished white rice that is used for human consumption. However, paddy rice contains approximately 20 % hulls that mainly consist of lignin and silica, and therefore, has very low nutritional value \[[@CR43]\]. As a consequence, rice has to be de-hulled before consumption. Removal of the hulls results in production of brown rice that contains the bran layers, the germ, and the endosperm. Further processing is needed to remove the bran layers and endosperm and this results in production of rice bran, which may be used for animal feeding. After the bran has been removed, rice goes through several polishing steps before the final product, polished rice, is produced \[[@CR44]\]. On a quantitative basis, rice bran is approximately 10 % of the total weight of paddy rice, which means that approximately 70 million metric tons of rice bran is produced annually and is available for animal feeding. There are other co-products produced from rice including brewers rice and rice mill feed, but these products are produced in much smaller quantities.

Rice bran includes the pericarp, the aleurone, and the subaleurone layers of rice, but depending on the type of milling, fractions of the endosperm may make up 20 to 25 % of the bran product \[[@CR45]\]. Rice bran, therefore, may contain up to 30 % starch \[[@CR10], [@CR46]\]. The concentration of ether extract in rice bran varies between 14 and 24 % depending on the variety of rice that was grown and the type of milling used \[[@CR10], [@CR46], [@CR47]\]. However, because of the high concentration of lipase in rice bran, the fat may quickly peroxidize and become rancid \[[@CR45], [@CR48]\]. As a consequence, rice bran needs to be stabilized by use of heat treatment such as extrusion to deactivate the lipase and thus reduce the risk of oxidation \[[@CR49]\]. Alternatively, the fat may be removed from rice bran using solvent extraction to produce defatted rice bran with a concentration of fat of 2 to 4 %. Therefore, both full fat rice bran and defatted rice bran are available for animal feeding.

Full fat rice bran contains 20 to 30 % neutral detergent fiber and the concentration of CP is approximately 15 % \[[@CR10], [@CR46], [@CR47]\]. Values for DE in full fat rice bran have been reported between 3,000 and 3,100 kcal per kg and values for ME are approximately 100 kcal less than the DE values (Table [5](#Tab5){ref-type="table"}; \[[@CR10], [@CR46]\]). Concentrations of neutral detergent fiber and CP in defatted rice bran are 10 to 15 % greater than in full fat rice bran because removal of the fat concentrates other nutrients in the bran. However, DE and ME values in defatted rice bran are much less than in full fat rice bran and values between 2,100 and 2,200 kcal per kg have been reported \[[@CR10], [@CR46]\].Table 5Energy and nutrient composition of full fat rice bran and defatted rice bran (as-fed basis)^1^IngredientItemFull fat rice branDefatted rice branDry matter, %91.6091.35Ash, %14.8011.51Gross energy, MJ/kg19.9816.98Digestible energy, MJ/kg12.989.21Metabolizable energy, MJ/kg12.558.71Net energy, MJ/kg9.546.50Crude protein, %15.1117.30Acid hydrolyzed ether extract, %13.773.52Starch, %27.0026.25Neutral detergent fiber, %26.2823.56Acid detergent fiber, %11.8711.31Minerals Ca, %0.220.17 Cl, %0.080.10 K, %1.451.11 Mg, %0.720.81 Na, %0.040.02 P, %2.161.89 Phytate-P, %1.741.61 Non-phytate P, %0.420.28 S, %0.180.15 Cu, ppm8.0014.00 Fe, ppm113.00268.00 Mn, ppm219.50267.00 Zn, ppm45.7073.00ATTD^2^ of P without phytase, %24.0012.00ATTD of P with phytase, %62.00-STTD^3^ of P witout phytase, %36.5028.00STTD of P with phytase, %64.00-^1^References \[[@CR9], [@CR42], [@CR46], [@CR59]\]^2^ATTD, apparent total tract digestibility^3^STTD, standardized total tract digestibility

The concentration of P is greater in rice bran than in most other plant ingredients and values between 1.6 and 2.2 % have been reported \[[@CR10], [@CR46], [@CR50]\]. Between 70 and 90% of the P is bound in phytate, and the STTD of P in rice bran, therefore, is relatively low (Table [5](#Tab5){ref-type="table"}; \[[@CR50], [@CR51]\]). However, addition of 1,000 units/kg of microbial phytase will increase the STTD of P in rice bran by 15 to 50 % \[[@CR51]\].

The biological value of rice protein is high and the standardized ileal digestibility of most AA in polished rice is greater than in most other cereal grains except wheat \[[@CR52]\]. The protein in rice bran also has a relatively high concentration of Lys, Met, Trp, and Thr (Table [6](#Tab6){ref-type="table"}). However, the SID of AA in both full fat and defatted rice bran is considerably less than in polished rice and for most indispensable AA, values between 70 and 85 % have been reported (Table [6](#Tab6){ref-type="table"}; \[[@CR10], [@CR47]\]).Table 6Amino acid (AA) composition and standardized ileal digestibility (SID) of AA in full fat rice bran and defatted rice bran (as-fed basis)^1^ItemFull fat rice branDefatted rice bran%% of CPSID, %%% of CPSID, %Crude protein14.80\--16.27\--Indispensable AA Arg1.157.7993.01.318.0790.5 His0.382.5987.80.452.7482.7 Ile0.493.3483.20.683.5478.4 Leu0.986.6682.91.157.0677.7 Lys0.644.3585.80.754.5982.3 Met0.291.9587.30.332.0578.7 Phe0.624.1881.10.724.4078.0 Thr0.523.5180.60.623.7977.0 Trp0.181.1983.00.211.2779.7 Val0.755.0483.90.875.3579.0 Total6.0040.54-7.0943.58-^1^Reference \[[@CR9], [@CR46], [@CR60]\]

There are relatively few reports on effects of including rice bran in diets fed to weanling, growing, or finishing pigs. However, inclusion of 10 % rice bran in diets fed to weanling pigs improved feed conversion rate by almost 10 % because of increased colonic concentrations of bifidobacteria \[[@CR53]\]. A balanced microbial community with a large presence of the beneficial bacteria is critical for weanling pigs to maintain their intestinal health. The prebiotic effect of rice bran was likely related to arabinoxylan oligosaccharides in this ingredient \[[@CR54], [@CR55]\]. However, it is not known what the maximum inclusion rate is. For growing and finishing pigs, reduced growth performance has been reported for inclusion of 30 % full fat rice bran \[[@CR56]\]. Inclusion of 10 % full fat rice bran in diets fed to growing pigs had no influence on the growth performance compared with pigs fed a corn-soybean meal control diet \[[@CR50]\]. In finishing diets, inclusion of 20 % full fat rice bran improved performance compared with pigs fed defatted rice bran \[[@CR57]\], and it has been suggested that the maximum inclusion rate of defatted rice bran in diets fed to growing-finishing pigs is 20 % \[[@CR58]\]. It is, however, possible, that the reduced performance of pigs fed the defatted rice bran simply is an effect of the reduced metabolizable energy in the defatted rice bran. If that is the case then it is expected that the reduction in growth performance observed for pigs fed defatted rice bran can be avoided if diets are formulated to be isocaloric. However, to our knowledge, research to test this hypothesis has not been reported.
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